A cyanide-insensitive and salicyl hydroxamic acid-sensitive respiration (CIR) was found in the yeast Pichia stipitis in contrast to Candida utilis, Pachysolen tannophilus, and Saccharomyces cerevisiae. During xylose utilization in the presence of either salicyl hydroxamic acid or cyanide, P. stipitis formed xylitol, arabitol, and ribitol. The existence of CIR is discussed in terms of a redox sink preventing xylitol formation in P. stipitis.
ϩ -linked xylitol dehydrogenase (XDH) (5) . The difference in cofactor requirement of XR and XDH leads to an overproduction of NADH and a lack of NAD ϩ , which blocks further metabolism of xylitol by C. utilis in the absence of oxygen. However, XR from P. stipitis (6, 32) and from P. tannophilus (6, 31) can use either NADPH or NADH as cofactor, and thus the redox imbalance caused by the first two steps in the xylose metabolism should be partly circumvented. Nevertheless, P. tannophilus excretes xylitol during ethanol production from xylose under oxygen-limited and anarobic conditions (7, 15) . The addition of artificial hydrogen acceptors to P. tannophilus under anaerobic and oxygen-limited conditions decreases xylitol formation and improves ethanol production (1, 16) , indicating that xylitol formation was a result of a redox imbalance. In contrast to P. tannophilus, P. stipitis produced little or no xylitol during xylose metabolism (9, 11, 15, 19, (24) (25) (26) . Since XR from both P. tannophilus and P. stipitis can use either cofactor, the xylitol formation in P. tannophilus indicates different metabolic events in P. tannophilus compared with P. stipitis.
S. cerevisiae cannot utilize xylose but does utilize xylulose. Recombinant S. cerevisiae, transformed with the genes from P. stipitis encoding the enzymes XR and XDH, was found to produce considerable amounts of xylitol during xylose fermentation (10, 13, 18, 29, 30) , although the transformants expressed XR and XDH enzyme activities of the same order of magnitude as that in P. stipitis. The difference in xylitol formation between P. stipitis and the recombinant S. cerevisiae harboring the P. stipitis genes for the enzymes XR and XDH indicates that an additional mechanism, other than the dualcofactor utilization of XR, is involved in establishing a redox balance.
In plants, filamentous fungi, and certain yeasts, an alternative respiratory pathway exists (12) . It is resistant to the respiratory inhibitor cyanide but is inhibited by salicyl hydroxamic acid (SHAM) (22) . Cyanide blocks the electron transport between the cytochrome c oxidase complex and oxygen (28) . The cyanide-insensitive respiration (CIR) is believed to be an integral part of the inner mitochondrial membrane, and it branches from the main respiratory (cyanide-sensitive) pathway at the level of ubiquinone and donates electrons directly to oxygen to form water (23) . The CIR pathway seems to lack a transmembrane potential, and so this pathway loses two of three potential proton translocation sites ( Fig. 1 ) and subsequent ATP formation (23) . One hypothesis for the physiological role of CIR is that it is a nonphosphorylating electron transport pathway acting as a redox sink (14) . Despite extensive research of CIR, the regulatory mechanisms remain unclear. Recently, an antimycin A inducible protein from the yeast Hansenula anomala (21) has been cross-reacted with antibodies raised against the alternative oxidase in the higher plant Sauromatum guttatum (8) .
In the present study, the existence of CIR in the xyloseassimilating yeasts P. stipitis CBS 5773, P. stipitis CBS 6054, P. tannophilus, and C. utilis was investigated. These yeasts were chosen since they differ in xylitol excretion. C. utilis does not produce any ethanol at all from xylose under anaerobic conditions without the addition of an artificial hydrogen acceptor (5), P. tannophilus excretes considerable amounts of xylitol during xylose fermentation (7, 15) , while P. stipitis CBS 5773 and P. stipitis CBS 6054 excrete little or no xylitol (6, 9, 25) . The glucose-assimilating S. cerevisiae was also included in this study since recombinant S. cerevisiae, harboring the genes for XR and XDH from P. stipitis, produces mainly xylitol during xylose metabolism (10, 13, 18, 29, 30) . The possible role of CIR as a redox sink, preventing xylitol formation, was investigated during fermentation of xylose in the presence of sodium cyanide and SHAM.
MATERIALS AND METHODS
Strains. C. utilis CBS 621, P. stipitis CBS 5773, P. stipitis CBS 6054, and P. tannophilus CBS 4044 were maintained at 4ЊC on agar plates containing (per liter) 10 g of yeast extract, 20 g of Bacto Peptone, 18 g of Bacto Agar, and 20 g of xylose. S. cerevisiae ATCC 24860 was maintained on the same medium but with glucose instead of xylose.
Culture medium. The culture medium was the same as the maintenance medium without agar and containing the carbon source indicated. For the growth of cells for respiration measurements and fermentations, the medium contained 20 g of carbon source per liter. The medium used for fermentations contained 50 g of xylose per liter and the concentrations of respiratory inhibitors as indicated. The pH was adjusted to 6.5. All media were sterilized at 121ЊC for 20 min. The carbon source was sterilized separately.
Inoculum. Inoculum was prepared by inoculation from plates to 200 ml of culture medium in a 1-liter baffled shake flask. The flasks were incubated in a water rotary shaker at 30ЊC and 140 rpm overnight.
Cells for respiration measurements, in vitro cytochrome c oxidase activity measurements, and fermentations. The inoculum was transferred to 500 ml of culture medium in a 1-liter baffled shake flask. The flasks were incubated in a water rotary shaker at 30ЊC and 140 rpm. The cells were harvested by centrifugation at 6,400 ϫ g at 4ЊC in the logarithmic phase of growth and were washed once with 25 mM potassium phosphate buffer (pH 6.5). The growth curve was monitored by measurement of the optical density.
Respiration measurements. The initial respiration of the washed cells was measured at 30ЊC with a Clark electrode in 25 mM potassium phosphate buffer (pH 6.5) containing 20 g of xylose or glucose per liter. Sodium cyanide was used as an aqueous solution. SHAM was dissolved as the sodium salt. The respiration measurements were carried out with a minimum of duplicates and reported as mean values.
Preparation of cell extract for intracellular enzyme activity measurements. The same batch of cells as for the respiration measurements was harvested as above, resuspended in 25 mM potassium phosphate buffer (pH 6.5), and frozen until analyzed. The thawed cell suspension (2 ml) was mixed with glass beads (1.5 ml), and the tubes were vortexed in short bursts for 5 to 10 min. The mixture was then centrifuged at 1,940 ϫ g at 4ЊC for 5 min and stored on ice until analyzed.
Assay for in vitro cytochrome c oxidase activity. Cytochrome c oxidase activity was measured by the method of Alexander (2) . Enzyme units were defined as nanomoles of converted substrate per minute. The specific activity of the enzymes was expressed as units per milligram of protein. The activity measurements were carried out with a minimum of duplicates and reported as mean values. The standard error was Ͻ15%.
Fermentations. After harvesting, as described above, the cells were transferred to a 1-liter baffled shake flask containing 500 ml of fermentation medium with the concentrations of respiratory inhibitors as indicated. The fermentations were carried out in a water rotary shaker at 30ЊC and 140 rpm. The fermentations were carried out for 48 h, and samples were regularly withdrawn for analysis. The yields were calculated on the basis of experimental values after 30 h and given as grams of formed product per gram of consumed sugar. Carbon mass balances are based on substrate consumption and product formation at the same time. The fermentations were carried out in triplicate and reported as mean values. The standard error was Ͻ13%.
Analytical methods. Optical density was measured at 620 nm. Cell dry weight was determined after drying at 105ЊC on a filter paper (Schleicher & Schuell) until constant weight was achieved. Xylose, and ethanol were analyzed at 45ЊC by liquid chromatography with one Aminex HPX 87H column (Bio-Rad Laboratories) and a refractive index detector. The mobile phase was 5 mM H 2 SO 4 at a flow rate of 0.6 ml/min. Xylitol, ribitol, and arabitol were analyzed by liquid chromatography with two Aminex HPX 87H columns in series (Bio-Rad Laboratories) and at a flow rate of 0.5 ml/min, otherwise as stated above, or a single lead HPX-87P column (Bio-Rad Laboratories) at 80ЊC with water as the mobile phase at a flow rate of 0.6 ml/min. Protein was determined by the method of Bradford (3) .
Carbon balances. It was assumed that 1 mol of carbon dioxide was formed per mol of ethanol formed. For the conversion of cell dry weight to moles of carbon, the elementary composition formula reported for S. cerevisiae, CH 1.83 O 0.56 N 0.17 (20) , was used.
RESULTS
Oxygen uptake rates. The cells were grown in a volume of 500 ml in a 1-liter baffled shake flask, corresponding to an oxygen transfer rate of 5 mmol/liter/h, which has been shown to give good ethanol production from xylose for the xylose-fermenting yeast Candida tropicalis (17) . The initial oxygen uptake rates were determined for C. utilis CBS 621, P. stipitis CBS 5773, P. stipitis CBS 6054, and P. tannophilus CBS 4044 metabolizing xylose and glucose and for S. cerevisiae ATCC 24860 metabolizing glucose in the absence and presence of the respiratory inhibitors sodium cyanide and SHAM (Tables 1 and 2 ). Different concentrations of sodium cyanide, in the range 0.01 to 100 mM, were added to the cell suspensions to identify concentrations which partially and completely inhibited respiration. For C. utilis CBS 621 and P. tannophilus CBS 4044 metabolizing xylose, the oxygen uptake was totally inhibited in the presence of 10 mM sodium cyanide (Table 1) while 0.1 mM did not completely inhibit the respiration. The oxygen uptake for C. utilis CBS 621, P. tannophilus CBS 4044, and S. cerevisiae ATCC 24860 metabolizing glucose was totally inhibited in the presence of 1 mM sodium cyanide, while a sodium cyanide concentration of 0.1 mM left some respiration for C. utilis CBS 621 and for P. tannophilus CBS 4044 (Table 2 ). In the presence of 0.01 mM sodium cyanide, the oxygen uptake for S. cerevisiae ATCC 24860 metabolizing glucose was not completely inhibited (data not given in Table 2 ). Even at a sodium cyanide concentration of 100 mM, respiration occurred for the two P. stipitis strains metabolizing xylose and glucose (Tables 1 and 2 ). 
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SHAM at a concentration of 3.5 mM had no effect on the oxygen uptake of C. utilis CBS 621 and P. tannophilus CBS 4044 metabolizing xylose or on the oxygen uptake of C. utilis CBS 621, P. tannophilus CBS 4044, and S. cerevisiae ATCC 24860 metabolizing glucose (Tables 1 and 2 ). For P. stipitis CBS 5773 metabolizing xylose and glucose, the oxygen uptake was inhibited. For P. stipitis CBS 6054, respiration was inhibited by SHAM alone on glucose-metabolizing cells but there was no effect on xylose-metabolizing cells.
When 3.5 mM SHAM was added to C. utilis CBS 621 and P. tannophilus CBS 4044 metabolizing xylose, in combination with 0.1 mM sodium cyanide, when respiration was not fully inhibited, there was no difference in the oxygen uptake rate from that when sodium cyanide was used alone (Table 1 ). This was also found for C. utilis CBS 621 and P. tannophilus CBS 4044 metabolizing glucose. Addition of 3.5 mM SHAM to respiring S. cerevisiae ATCC 24860 metabolizing glucose in the presence of 0.01 mM sodium cyanide did not cause any change in the oxygen uptake rate either (data not given). However, the presence of 10 mM sodium cyanide in combination with 3.5 mM SHAM totally inhibited the oxygen uptake when either xylose or glucose was used as the carbon source for P. stipitis CBS 5773 and P. stipitis CBS 6054. Thus, in contrast to C. utilis, P. tannophilus, and S. cerevisiae, the two P. stipitis strains have a SHAM-sensitive CIR, which was expressed with both xylose and glucose as the carbon source.
In vitro enzyme activities. The activity of cytochrome c oxidase was determined as a measure of the cyanide-sensitive respiration. It was determined for the same batch of cells for which the respiration measurements were performed. For the two strains of P. stipitis, the activities of cytochrome c oxidase were almost the same, independent of the carbon source (Table 3). For P. tannophilus CBS 4044, the activity of cytochrome c oxidase was doubled when it was growing on xylose compared with on glucose. The enzyme activity was higher for P. tannophilus CBS 4044 and C. utilis CBS 621 than for the two strains of P. stipitis and for S. cerevisiae ATCC 24860.
Fermentations. Fermentations with xylose as the carbon source were carried out in the absence and presence of sodium cyanide and SHAM with P. stipitis CBS 6054. In the absence of inhibitors, a very small amount of xylitol was produced, but in the presence of either sodium cyanide or SHAM, xylitol, arabitol, and ribitol were produced (Table 4 ). In the absence of inhibitors, the ethanol yield was 0.44 g/g, and in the presence of sodium cyanide, the ethanol yield was 0.45 g/g. With the use of SHAM as inhibitor, the ethanol yield decreased to 0.35 g/g. The cell growth was low both in the absence of inhibitors and in the presence of sodium cyanide, whereas the cell yield increased in the presence of SHAM (Table 4 ). The carbon balances were calculated as a control of the accuracy of the analytical procedure and to provide information about the metabolic pathways. In the presence of SHAM or in the absence of inhibitors, the consumed carbon could be accounted for, whereas in the presence of sodium cyanide, approximately 13% more carbon was recovered in products than was consumed in substrate (Table 4) .
DISCUSSION
The present study indicates that the two P. stipitis strains have a SHAM-sensitive CIR which C. utilis CBS 621, P. tannophilus CBS 4044, and S. cerevisiae ATCC 24860 lack. Cyanide, which acts by blocking the electron transfer between cytochrome c oxidase and oxygen, was added in the concentration range from 0.01 to 100 mM to ascertain whether the amount of sodium cyanide required to completely inhibit oxygen uptake was titratable. This was found to be the case for C. utilis CBS 621, P. tannophilus CBS 4044, and S. cerevisiae ATCC 24860 (Tables 1 and 2 ). The two P. stipitis strains still respired at sodium cyanide concentrations of 100 mM. The in vitro cytochrome c oxidase activity for the two P. stipitis strains was 2 to 10 times lower than for C. utilis CBS 621 and P. tannophilus CBS 4044 and comparable to the activity for S. cerevisiae ATCC 24860. However, the oxygen uptake rates for the two P. stipitis strains were in the same range or higher. Therefore, 100 mM sodium cyanide should be more than enough to completely inhibit the oxygen uptake caused by the electron transfer between cytochrome c oxidase and oxygen in P. stipitis.
In the presence of SHAM and sodium cyanide, xylitol, arabitol, and ribitol were formed during xylose fermentation with P. stipitis CBS 6054. This indicates that the inhibitors create a redox imbalance in the cell, since the formation of polyols is suggested to involve the oxidation of NADH to NAD ϩ (Fig. 2) . Recently, a gene whose product shows a NADH-dependent D-arabitol dehydrogenase activity catalyzing the reaction Dribulose ϩ NADH 7 D-arabitol ϩ NAD ϩ has been cloned in P. stipitis CBS 6054 (11a). Since xylitol, arabitol, and ribitol are not formed in the absence of respiratory inhibitors, we suggest that the SHAM-sensitive CIR acts as a redox sink in P. stipitis CBS 6054. Bruinenberg et al. (6) showed that the XR activity in P. stipitis used both NADPH and NADH as cofactors, while the XDH activity used solely NAD ϩ . Therefore, the ethanol formation during anaerobic xylose fermentation by P. stipitis was ascribed to the dual-cofactor utilization of XR, since the redox balance could be closed in the reactions catalyzed by XR and XDH. On the other hand, when great care was taken to ensure anaerobic conditions during xylose fermentation, P. stipitis CBS 6054 formed both xylitol and ethanol (12a). Similarly, P. stipitis CBS 5773 formed xylitol together with ethanol under anaerobic conditions (19) . The fact that xylitol formation is not always observed during anaerobic xylose fermentation could be due to the difficulty of maintaining true anaerobic conditions (33) . Xylitol formation during anaerobic fermentation of xylose indicates that the redox balance is not completely closed, i.e., that the cell has a surplus of NADH and a lack of NAD ϩ . However, during oxygen-limited fermentation of xylose with P. stipitis CBS 6054, no xylitol was formed (25) , which is probably due to the existence of CIR, which acts as a redox sink providing the XDH reaction with NAD ϩ . The ethanol yield decreased in the presence of SHAM compared with the fermentation of xylose in the presence of sodium cyanide and in the absence of inhibitors. The consumption of reserve carbohydrates in the cells (4, 27) , caused by the presence of sodium cyanide, may account for the formation of additional ethanol and hence the higher-than-theoretical carbon recovery. The assumption that the total amount of carbon dioxide produced equals the (molar) amount of ethanol produced is a minor underestimation, since CO 2 is also produced in the respiration of xylose via the pyruvate dehydrogenase complex and the tricarboxylic acid cycle. However, the fermentation conditions were chosen to minimize the cell growth. Nevertheless, the presence of SHAM increased the cell yield two-and fourfold compared with the fermentations in the absence of inhibitors and in the presence of sodium cyanide. The activity of CIR results in a loss of two of three potential proton-translocating sites (23) . No proton gradient is built up during electron transfer in CIR, and therefore no ATP formation is associated with it (23). As indicated in the present study, when CIR is inhibited by SHAM, electrons seems to be directed to the cyanide-sensitive ATP-generating respiratory pathway, which supports biomass formation. 
